ABSTRACT. Microscopic observation of air-hydrate crystals was carried out using 34 deep ice-core samples retrieved at Vostok Station, Antarctica. Samples were obtained from depths between 1050 and 2542 m, which correspond to Wisconsin/ Sangamon/Illinoian ice. It was found that the volume and number of air-hydrate varied with the climatic changes. The volume concentration of air-hydrate in the interglacial ice was about 30% larger than that in the glacial ice. In the interglacial ice, the number concentration of air-hydrate was about a half and the mean volume of air-hydrate was nearly three times larger than that in the glacial-¥e ice. The air-hydrate crystals were found to grow in the ice sheet, about 6.7 x 10-1 cm 3 year-I, in compensation for the disappearance of smaller ones. The volume concentration of air-hydrate was related to the total gas content by a geometrical equation with a proportional parameter et. The mean value of et below 1250 m, where no air bubbles were found, was about 0.79. This coincided with an experimentally determined value of the crystalline site occupancy of the air-hydrate in a 1500 m core obtained at Dye 3, Greenland (Hondoh and others, 1990). In the depth profile of calculated et for many samples, et in the interglacial ice was about 30% smaller than that in the glacial-age ice.
INTRODUCTION
Many air bubbles are formed in polar ice sheets when the firn changes into ice. Their size decreases as the depth of ice increases because of the overburden pressure. Subsequently, all air bubbles disappear at a certain depth. Miller (1969) suggested that air formed the clathrate hydrate in ice under a high pressure and proposed the temperature and pressure dependence of the formation and dissociation of air-hydrate.
shallowest depths at which they found air-hydrate inclusions in the ice cores at Dye 3, Camp Century and Byrd Station were 1092, 1099 and 727 m, respectively. Xray diffraction studies on the natural air-hydrate in the 1500 m Dye 3 ice cores (Hondoh and others, 1990) revealed that it was a single crystal, and Raman spectral analysis (Nakahara and others, 1988) identified that it included O 2 and N2 molecules as the guest molecules. Airhydrate crystals in deep ice cores are, therefore, storage of ancient atmospheric gases. Shoji and Langway (1982) first found air-hydrate inclusions in the Dye 3 ice core, Greenland, using an optical microscope examination conducted in their field trench laboratory. Later they revealed that a significant number of air-hydrate inclusions still existed in the deep ice-core samples obtained at Camp Century, Greenland, which were recovered in 1966, and at Byrd Station, Antarctica, in 1968 (Shoji and Langway, 1987) . The
The ice cores studied here were obtained from deep drilling by the Soviet Antarctic Expedition at Vostok Station (78°28' S, 106°48' E, altitude 3488 m), East Antarctica. The mean annual temperature is -55.5 D C and the present snow-accumulation rate is about 2.2 g cm -2 year-I. The deepest borehole reached a depth of 2546 m and the thickness of the ice sheet is about 3700 m Gouzel and others, 1990).
JouTllal oJ Glaciology
The contents of 18 0 and deuterium (Lorius and others, 1985; J ouzel and others, 1990) revealed that the V ostok ice core included Holocene, Wisconsin, Sangamon and Illinoian ice which were designated by stages A-H. Stage A corresponds to the Holocene period. Stages B-F cover the last glacial (Wisconsin). Stage G includes the peak of the last interglacial (Sangamon) and stage H is part of the previous glacial (Illinoian). The observations of air bubbles in Vostok ice cores (Barkov and Lipenkov, 1984; were carried out in the field trench laboratory at Vostok Station soon after the ice cores were retrieved from the borehole. The results showed that the number of air bubbles in a unit volu~e of Holocene ice was about three times smaller than that in ice formed during the Last Glacial Maximum (LGM), while the bubble diameter was larger in Holocene than in LGM ice (Barkov and Lipenkov, 1984) . It was also inferred from these observations that air-hydrates in the Vostok cores were formed at a depth of about 500 m, and the transformation from air bubbles to air-hydrates had been completed at about 1250 m, where all air bubbles disappeared. Deeper than this transition interval, called the transition zone, all ancient atmospheric gases older than the early Wisconsin glacial age are considered to be stored in air-hydrate crystals. The depth profiles of both the number and volume of air-hydrate are, therefore, expected to change with climatic change. Hondoh (1989) proposed that the depth profile of the air-hydrate morphology showed annealing effects on airhydrate crystals in the ice sheet. The observation of airhydrate crystals in Dye 3 cores showed that most of the crystals had facets in the depth range where the airhydrate crystals grew actively. On the other hand, spherical crystals became dominant where the crystals stopped growing. Therefore, the depth profile of each crystal shape will indicate whether the crystals grow actively in the ice sheet or not.
In order to obtain depth profiles of the number, volume and shape of air-hydrate crystals in the ice sheet, observation of each crystal was carried out under a microscope. Vostok ice cores from deeper than the depth of air-bubble disppearance were mainly used for observation to eliminate the effects of air bubbles. The depth profiles of the number, volume and shape of the airhydrate crystals were then compared with the palaeoclimatic conditions and with total gas content.
OBSERVATIONS AND RESULTS

Specbnen and saDlple preparation
Thirty-four Vostok ice cores were used for these observations; they were classified into two series, called "A series" and "B series", according to the storage conditions of the cores. The storage conditions of each specimen are listed in Table 1 . Five specimens of A series ice core were retrieved at Vostok Station during 1980 and 1982, and stored for 6 years in France (storage temperature was about -20°C). The depths of the specimens are: 1222, 1514, 1796, 1838 and 2004m . The 1222 and 1514m ice cores contained small cracks near the surface of each core. In the 1796 and 2004 m ice cores, no cracks were observed. The 1838 m ice core contained a large but thin crack extending along the central axis of the core and a small crack perpendicular to it. Since the number and size of the observed cracks were very small, it was reasonable to consider that stress relaxation after drilling had been homogeneous in each ice core. Twenty-nine specimens of B series ice core were retrieved during 1987 and 1991, and stored in the field trench (at about -55°C). The depths of the specimens are: 1005, 1150, 1251, 1350, 1421, 1430, 1470, 1501, 1651, 1800, 1811, 1821, 1851, 1891, 1910, 1941, 1950, 1980, 2001, 2011, 2031, 2041, 2101, 2131, 2151,2170,2351 , 2452 and 2542m . All of the specimens were retrieved from depths below the disappearance of bubbles, except for four specimens, i.e. 1222 m of A series, and 1050, 1150 and 1251 m of B series. These four specimens included a few bubbles but their number concentrations were less than 50 cm-3 . According to the stable-isotope profiles of the ice cores (Lorius and others, 1985; Jouzel and others, 1990) , specimens between 1600 and 1910 m (stage G) are ice from the warm period, whose ages are between about 120 and 140 kyear BP (Sangamon interglacial age). The specimens of both above 1600 m (stages D, E and F) and below 1910 m (stage H ) are ice from cold periods (Wisconsin and Illinoian glacial age, respectively).
Thin-section samples were cut roughly from the ice cores by a band-saw to a thickness of about 5 mm. The upper surface of the sample was polished chemically using ethyl alcohol to make it a flat plane. This polishing diminished the light scattering and gave a clear image for observation under an optical microscope. Silicone oil was applied to that surface to prevent the sample from sublimating. Supercooled water drops were applied around the sample edges to secure it to the glass plate. At that time, silicone oil was also applied between the sample and the glass plate. This freeze-on method minimized thermal distortion and eliminated the problem of light scattering by air bubbles between the sample and the glass plate. The specimens were stored in a cold room at about -50°C and all these experiments were carried out in the cold room at -20°C. a c e
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Experimental Dlethods
The shape and diameter of each air-hydrate crystal in the sample were measured under a microscope. Air-hydrate crystals were identified using the Becke test which had been adopted by Shoji and Langway (1982) .
Various shapes of air-hydrate crystals were observed in all samples. Their typical shapes are shown in Figure with sharp edges (Fig. If) . The crystal shapes are almost similar to those observed in a fresh Dye 3 ice core (Shoji and Langway, 1982) . For the convenience of morphological classification and number concentration in unit volume of ice, the following three types were counted in each sample: spherical type, N 8 ( Fig. 1 a and b) , irregular type, Ni ( Fig. lc and d ) and faceted type, N f ( Fig. le and  f) . Then the depth profiles of the number ratio for each of these three types of air-hydrate were obtained.
In order to calculate the total volume of air-hydrate in a unit volume of the sample (volume concentration, V), the diameter distribution was also obtained for each sample. The diameter of the crystal was expressed by the diameter of the sphere of the equivalent volume obtained by using either a spherical approximation or a cylindrical one. The number of crystals in a unit volume of ice included in the diameter range at intervals of 20 J,lm (less than 20 J,lm, from 20 to 40 J,lm, from 40 to 60 J,lm, etc.) is shown in Figure 2 (in which only six data points are shown) . This shows that each distribution is well-fitted to the log-normal distribution shown by the broken lines. Then, the mean diameter (d) and the standard deviations (8) of the crystals in each sample are calculated from fitting the log-normal distribution. V was calculated by using d and 8 (Lipenkov and Salamatin, 1989) as follows:
( 1) where N cm-3 is the total number of air-hydrate crystals in a unit volume of ice (number concentration). The 
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Fig. 4. Depth profiles of air-hydrate: (a) volume concentration (V), (b) number concentration (N), ( c) mean volume (V
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profiles (Lorius and others, 1985; Jouzel and others, 1990) , the ice in this depth range is interglacial ice. Figure 4a .
A comparison of values for V, Nand Vm between the A and B series indicates that they coincide well with each other, except for the number ratio of each crystal shape and N in shallower depth. This indicates that the storage conditions of the A series samples were relevant to preventing the dissociation of air-hydrate crystals, and that the ice-core storage has no influence on the depth profiles of air-hydrate below 1514 m. The discrepancies of Ns/N, Nf/N and N between depths of 1222 and l514m (in A series) and depths of 1251 and 1501 m (in B series) suggested that the ice-core storage may influence air-hydrate crystals in the shallower cores.
DISCUSSION
VariatioDs of Vm and N with depth
The broken line in Figure 4c shows that the mean volume of the air-hydrate crystals in glacial-age ice increases with depth. The results show that air-hydrate crystals grow in ice below the depth of air-bubble disappearance. Using data from ice-core chronology Gouze! and others, 1990), we can estimate the average growth rate of air-hydrate crystals over the glacial age as follows: dVm Tt = 6.7 X 10-12 cm 3 year-1
The broken line in Figure 4b shows that N in glacialage ice decreases with depth. Figure 2 shows that the number of air-hydrate crystals smaller than 100 J1.m in diameter in the glacial-age ice decreases with depth. These results suggest that the larger crystals grow gradually in the ice sheet in compensation for the disappearance of smaller ones . Figure 4b and c shows that N and V m change appreciably in the interglacial period (stage G), that is to say N in the interglacial age is about half of that at the end of stage H ice, while V m is nearly three times larger.
Such a large V m in stage G cannot be explained by the general growth of air-hydrate crystals expressed by Equation (2). It can, therefore, be inferred that the large variation in Nand Vm during the interglacial period may be caused by the original variation in the number concentration and mean volume of air bubbles from which the air-hydrates were generated.
On the other hand, the number concentration of air bubbles in Holocene ice was found to be about three times smaller than that in ice formed during the LGM, while the bubble diameter seemed to be larger in the Holocene than in the LGM ice (Barkov and Lipenkov, 1984) . This tendency of large volume with small number concentration of air bubbles in the warm period coincides qualitatively with the inference derived above for the Sangamon warm period. Therefore, it is concluded that an abrupt change in the depth profiles of both the number concentration and the mean volume of airhydrate indicates a climatic change.
The crystal growth of air-hydrate requires diffusion of the air molecule in ice. The crystal-growth rate of airhydrate in the deeper regions of an ice sheet may be larger because the temperature of the ice is higher (Ritz, 1989) .
If so, the variation in Vm with climatic change will be concealed by each period of crystal growth below a certain depth.
CODlparison of V with total gas content
In the deeper part of the Vostok ice core, air-hydrate crystals can be considered as the total storage of ancient atmospheric gases, because no air bubbles are observed below 1250 m. A gas-hydrate crystal is composed of water-molecule cages in which gas molecules are included. Taking into account the number ratio of air molecules to the total number of cages, or the site occupancy (0), we obtain the geometrical relation between the value of air-hydrate volume (V) and total gas content (R).
It is assumed here that all gases measured as R have been stored in air-hydrate crystals below the depth of airbubble disappearance. The volume of air-hydrate crystals in a unit weight of ice is obtained by V / p, where p is the density of pure ice. The number of air molecules included in the crystal is then calculated by using the crystallographic data of air-hydrate. Total gas content is obtained by converting the number into the volume under the standard temperature and pressure conditions as follows:
where Rg = 2.24 X 10-2 m 3 mor! is the gas volume per mole under standard conditions, No = 6.02 X 10 23 mor! is Avogadro's number, n is the number of cages in a unit cell of the air-hydrate crystal and v m 3 is the volume of a unit cell of the crystal. According to the X-ray analytical results for the air-hydrate crystals in the Dye 3 ice core (Hondoh and others, 1990) , its crystallographic structure belongs to the structure II of the hydrate, which gave v = 4.91 X 10-27 m 3 and n = 24. Substituting the values of constants and the crystal-structural data, the site occupancy 0 is given by the following equation
Now we can calculate the mean value of a using Equation (4) for all samples below the depth of air-bubble disappearance, i.e. below 1250 m. Total gas content for each sample in the fresh Vostok ice cores measured by Martinerie (1990) and Lipenkov and others (in press ) is listed in Table 2 . Figure 5 shows the depth variation in 0 calculated by Equation (4) using the data for R in Table  2 and those for V in Figure 4a . It can be seen that the value of 0 is about unity at a depth just below bubble disappearance. Then 0 decreases with depth down to about 0.58, which is the mean value of 0 for samples at 84 (Hondoh and others, 1990) .
ice sheet. Therefore, Vein the interglacial age must be larger than that in the glacial age and naturally so does V.
The crystalline site occupancy of natural air-hydrate crystals in an ice core of 1500 m depth obtained at Dye 3, Greenland, was determined at about 0.8 (shown by the solid triangle in Figure 5 ) by the X-ray diffraction method (Hondoh and others, 1990) . Although the 1500 m ice core of Dye 3 corresponds to the Holocene interglacialage ice (Dansgaard and others, 1985) , this value is larger than 0.58, the mean value of et in the Sangamon interglacial ice obtained during the present study. The reason for this difference is not yet clear. The answer will be given when et is determined systematically on the Vostok ice core using the X-ray diffraction method, which is now under way.
CONCLUSIONS
Air-hydrate crystals included in 34 ice-core samples from Vostok Station, Antarctica, were observed using an optical microscope. The depth range of the samples was between 1050 and 2542 m. The shape and diameter measurements of each air-hydrate crystal were carried out to obtain the depth profiles of the shape, volume concentration, number concentration and mean volume of each crystal. The number ratio of the spherical crystals was more than 0.5 below 1050 m, and that of the faceted crystals was almost constant, at about 0.25. The volume concentration of air-hydrate in stage G (the interglacial ice) was about 30% larger than that in stage H (the glacial-age ice) . The number concentration of air-hydrate in the glacial age decreased slightly with depth, and that in the interglacial ice was about half of that in the glacialUchida and others: Air-hydrate crystals in deep ice-core samples age ice. The mean volume of air-hydrate during the glacial age increased gradually with depth and that in the interglacial age was almost three times larger than that in the glacial age. These results indicate that the depth profiles of air-hydrate are influenced by a climatic change. They also indicate that the larger air-hydrate crystals grew slowly in the ice sheet below 1050 m in compensation for the disappearance of smaller crystals, and the growth rate of the crystals in the glacial-age ice is estimated to be about 6.7 x 1O-12cm3year-l. The depth profiles of the crystal shape support this conclusion. Two types of ice core, which had undergone different storage conditions, were used for observations to consider the ageing effect during ice-core storage. The depth profiles of air-hydrate in these cores coincided with each other, except those for the crystal shape and the number concentration in ice cores shallower than 1514m. This indicates that the ageing effect on the ice core during storage is not observed in those from deeper regions. The volume concentration of air-hydrate in each sample was compared with the data for total gas content. The mean value of the proportional constant between them (parameter et in Equation (4)) coincides with the site occupancy of air-hydrate determined experimentally on the 1500 m ice core obtained at Dye 3, Greenland. However, et varies with depth in the Vostok ice core, about 30% lower in the Sangamon interglacial ice than that in the glacial-age ice.
